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THE  1965  ARPA-AEC  JOINT  LIGHTNING  STUDY  AT  LOB  AIAM06 
VOLUME  II 

THE  LIGHTNING  SHICfRUM  AS  MEASURED  BY  COLUMATED  DETECTORS. 
ATMOSPHERIC  TRANSMISSION.  SPECTRAL  INTENSITY  RADIATED. 

Guy  E.  Barasch 


ABSTRACT 

Collimated  50°-field  phot  craters  were  operated  during  the  1965 
lightning  study  to  obtain  data  for  an  analysis  of  the  production  of 
false  alarms  in  air-fluorescence  nuclear-explosion  detection  systems. 
Detectors  were  employed  in  spectral  regions  useful  for  air-fluorescence 
detection;  3914  A  [Ns*  IN  (0,0)]  and  6900  A  [Ife  IP  (1,0)],  both  of 
which  are  continuun  channels  for  lightning;  and  at  wavelengths  useful 
for  lightning  discrimination:  4140  A  [continuuc],  6563  A  [Bj],  and 
0220  k  [NI  (2)].  Results  from  ~  870  pulses  in  58  flsjhes,  all  of  which 
had  visible,  discrete  channels,  are  presented  in  terms  of  source  spec¬ 
tral  intensities  at  3914  k  (W  sr"1  A"1)  and  as  ratios  of  the  spectral 
intensities  in  other  wavelength  regions  to  that  at  3914  k.  Distances 
to  the  channels,  ranging  from  3  to  80  tan,  were  measured  using  a  photo¬ 
graphic  triangulation  system,  and  appropric  te  inverse -squire -lav  and 
atmospheric- transmission  corrections  were  made. 

Observations  were  made  on  sll  types  of  lightning  phenomena:  lead¬ 
ers,  return  strokes,  and  inter-  and  intra-cloud  processes.;  The  most  prob¬ 
able  spectral  intensity  at  3914  k  for  all  these  pulses  is  lb4  W  sr"1  A"1; 
values  range  from  3  X  10®  to  107  W  sr"1  l'1.  Average  sp  ctrel  inte rat- 
ties  relative  to  3914  A  are:  4l40  k,  1.2  ±  0.5;  6563  A,  2.1  ±  0,8; 

8220  A,  4.8  ±  2,8;  and  89OO  A,  0,8  ±  0,4,  In  first  return  strokes,  the 
three  longest-wave length  signals  decrease  relative  to  the  >9l4-A  signal 
hy  a  factor  of  1,5  to  3, 


I.  INTRODUCTION 

This  is  the  second  of  two  reports  on  the  opti¬ 
cal  emission  characteristics  of  lightning,  investi- 
gated  at  Los  Alamos  during  the  simmer  of  1965.  Be¬ 
cause  lightning  pulses  are  capable  of  producing 


false  alarms  in  nuclear-explosion-detection  systems 
that  rely  on  optical  detection  of  the  burst  of  air 
fluorescence  exei  ted  directly  or  indirectly  by  ar. 
explosion,  a  lightning  study  was  conducted  to  find 
cptiimm  methods  to  discriminate  against  such  false 
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alarms.  A  mutter  of  types  of  optical  detectors 
were  operated  with  strict  timing  coordination  to 
Obtain  different  kinds  of  spectral  Information. 
Collimated  photometers  Obtained  time-resolved  sig¬ 
nals  which  were  recorded  continuously  by  oscillo¬ 
scope  came  res  ;  results  sre  a -ported  here.  A  silt- 
less  spectrograph  ves  used  to  Investigate  the  return- 
stroke  spectrun,  far  which  revolts  ere  given  by 
Connor1  In  the  first  report  af  this  series.  All-sty 
photometers,  identical  to  the  ones  designed  for  the 
Los  Alamos  Air  Fluorescence  Detection  System 
(iiAAFTE)  ,B  were  operated  by  EG&G  to  measure  the 
lightning  spectrum  as  seen  by  the  LAAFCS;  prelimi¬ 
nary  results  were  reported  by  Ana to. 3  All  nee»ure- 
ments  have  bean  reduced  by  lnvorse-nquara- law  and 
atmospheric-transmission  correction*  to  give  source 
characteristics,  using  source- to-detector  distances 
measured  with  e  photographic  triangulation  system. 
Remotely  operated,  time-coordinated  cameras  recorded 
Images  of  the  optical  channel  of  a  lightning  flash 
simultaneously  from  three  separated  stations.* 
Parallax  measured  from  pairs  of  photographs  of  each 
channel,  together  with  measurements  of  known  land¬ 
marks,  was  used  to  calculate  the  slant  distance,  to 
points  on  the  channels.  An  average  projected  base¬ 
line  of  650  m  between  pairs  of  station#  resulted  in 
estimated  errors  of  ±  5$  «t  a  distance  of  20  kn  end 
±  25°  at  80  km.* 

Krider  has  reported  photoelectric  measurements 
of  lightning  made  with  collimated  detectors,  with 
both  narrow  spectral  passbends4  and  broadband8  lie 
was  Interested  in  the  times  at  which  radiation  from 
the  various  molecular  and  atomic  species  reached  Its 
peak,4  and  In  the  advance  rate  of  the  return-stroke 
streamers;8  he  gave  no  relative  strengths  of  the  de¬ 
tected  signals  as  a  function  of  wavelength. 

Subsequent  reports  will  contain  the  applica¬ 
tions  of  the  results  of  the  optical-emission  meas¬ 
urements  reported  here  and  elsewhere.1'3  Volune 
III  will  contain  a  derivation  of  the  propagation 
characteristics  of  lightning-produced  signals  by 
vhlch  light  Is  scattered  Into  an  all-sty  detector. 

An  aggregate  of  colUmated-detector  relative  end 
absolute  spectral  data  Is  required  for  comparison 
with  similar  all-sky  detector  results  to  ctitaln 


*  Operated  by  E04G,  Inc.;  data  analyzed  by  LflSL. 
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the  scattering  parameters.  Volume  IV  will  treat 
discrimination  against  lightning  by  nuclear-explo¬ 
sion  air-fluorescence  detection  systems,  aid  re¬ 
quires  the  distribution  functions  of  source  charac¬ 
teristics  presented  In  this  report. 

II.  TIB  TRUME  OTATION  AJSD  CALIBRATION 

Five  "collimated'*  photometers  with  parallel, 
circular,  50°  fields  of  view  were  used  during  each 
lightning  storm.  The  term  "collimated"  Is  derived 
from  the  colllmation  of  light  by  lenses  before  It 
passes  through  Interference  filters.  The  center  of 
the  cannon  field  of  view  was  approximately  pare  lie  1 
to  that  of  she  slitless  spectrograph1  at  all  times. 
In  us  i,  the  spectrograph  and  photometers  were  point, 
ed  toward  the  greatest  lightning  activity;  hence, 
for  ~  60i  of  the  recorded  flashes,  the  actual  light¬ 
ning  source  and  the  majority  of  the  light  scattered 
from  It  by  clouds  were  within  the  photometers*  field 
nf  view. 

A.  Instnxnentatlon 

A  block  diagram  of  a  typical  collimated- photom¬ 
eter  recording  channel  is  shown  In  Fig.  1.  Sigmls 
from  the  photometer  were  amplified,  conducted  to 
the  recording  station,  displayed  on  oscilloscopes, 
and  recorded  on  35*™  film.  Logarithmic-response 


Mg.  1.  typical  collimated- photometer  recording 
channel.  The  Observatory  end  recording 
station  were  I50  ft  epert. 
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1/5 -POWER  TELESCOPE _ „  PHOTOMULTIPLIER 

TUBE  8  SHIELD 


Fig.  2.  Colllmated-photometer  optics.  The  telescope  Units  incidence  angles  of  light  rayi  at 
the  interference  filter. 


amplifiers  were  used  to  permit  the  c empress ion  of 
several  decades  of  useful  data  onto  each  recording; 
two  oscilloscope  beams  were  used  for  each  photom¬ 
eter  output  as  shown  in  Fig.  1. 

'll*  optical  components  of  the  photometer  are 
shown  in  Fig.  2.  Colligation  of  the  incident  light, 
and  definition  of  the  field  of  view,  are  accom¬ 
plished  by  the  four  lenses  and  aperture,  which  form 
a  telescope  with  a  demagnification  of  5.  Light 
rays  incident  on  the  objective  lens  at  angles  £  25° 
off-axis  leave  the  collimating  lens  and  pass  through 
the  interference  filter  at  angles  £  5°  from  the 


normal.  This  colllmstion  serves  to  limit  both  the 
wavelength  shift  and  broadening  of  the  spectral 
peasband  to  less  than  5  A. 

Interference-filter  peak  wavelengths  are  given 
in  lhhle  I.  The  average  shift  of  the  photometer 
passband  from  the  filter  passband  due  to  oblique 

rays  is  -J  J  and  thus  is  a  snail  fraction  of  the 
bandwidth.  Appropriate  blocking  filters  were  used. 

The  logarithmic-response  amplifiers  used  Phil- 
brick,  Inc.,  operational-amplifier  modules.  The 


Tible  I.  Interference  Filters  Used  in  the  Colligated  Photometers. 


Channel 

Wavelength 

(A) 

Filter-peak 

Wavelength 

<n> 

Bandwidth 
Half  Max 

U)  _ 

3914 

3918 

83 

4i4o 

4142 

18 

6563 

6565 

16 

0220 

8220 

72 

e900 

89OO 

65 

Maximus 

Transmittance 

Spectral 

Feature 

Stronger 

Excitation 

in: 

O.JO 

nt  in(o,o) 

Air 

Fluorescent 

0.1*0 

hi  (6) 

Lightning 

0.64 

Ha 

Lightning 

0.71 

HI  (2) 

Lightning 

0.55 

ffe  1P(1,0) 

Air 

Fluorescence 
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output,  E  (V),  to  s  current  pulse,  1  (A),  was,  to  a 
good  approximation, 

E  •  E0  log10  (  -2-  f  i  )  , 

where  E0  la  a  constant  and  fa  the  direct  current 
flowing  before  the  pulse.  The  actsml  output,  E,  as 
a  function  of  fear  one  of  the  amplifiers  used  is 
shown  In  Pig.  3. 

Continuous  recordings  of  the  output  cf  each 
phot  one  ter  vsre  made  on  moving  film  taizg  a  "raster" 
display  of  recurrent  10-ase:  oscilloscope  sweeps. 
This  technique  hss  been  used  by  previous  investi¬ 
gators  of  lightning®  In  order  to  record  with  rela¬ 
tively  good  resolution  throughout  the  total  dura¬ 
tion  of  a  lightning  flash,  which  can  be  >  1.5  sac. 
Signals  from  two  channels,  adjusted  to  deflect  In 
opposite  directions,  were  recorded  simultaneously 
by  each  dual-beam- oscilloscope  camera.  A  typical 
pair  of  continuously  recorded  lightning  signals 
Is  shown  In  Pig.  h. 


BACKGROUND  INPUT  CURRENT 

Pig.  3.  Typical  loffrittamio-ampllfier  response 
curve.  The  Input  must  be  expressed  as  a 
ratio  because  cf  the  logarithmic  behavior. 


Tbs  output  signal  free,  each  coll  imated-de  tec  tor 
channel  was  also  recorded  on  a  1-msec-duretion  sin¬ 
gle  sweep  that  was  triggered  by  a  "coordinated- 
trigger  pulse,"  provided  simultaneously  to  all  the 
recording  stations  by  the  colllrated  detectors.  The 
coordinated- trigger  pulse  was  used  st  all  recording 
station*  to  Impress  time  marks  by  which  simultaneous 
records  could  subsequently  be  correlated.  Only  a 
few  of  the  oolllmated-photcmeter,  single  sweep  re¬ 
cordings  have  been  reduced;  they  will  be  reported 
elsewhere. 

B.  Photometer  Calibrations 

Absolute  calibration  of  eadi  of  the  photons ters 
was  performed  by  W.  Gould  immediately  after  the  1965 
operation.  Three  sets  cf  measurements  were  made  for 
each  photometer. 

1.  A  tungsten  primary-standard  lamp  which  pro¬ 
duced  a  known  spectral  lrradlance  at  a  given  dis¬ 
tance  was  used  in  conjunction  with  a  mectanlcal 
shutter,  operated  at  1/5OO  sec,  to  obtain  one  point 
on  a  curve  cf  spectral  sensitivity,  Sy(Xo),  vs  mul¬ 
tiplier  voltage,  V,  far  each  photometer.  Tbs  value 
of  the  spectral  lrradlance,  Hc(X0)  (W  cm*2  J*1),  at 
the  peak  transmission  wavelength,  X0,  of  th-.  inter¬ 
ference  filter,  was  used  to  calculate  the  average 
sensitivity,  S^Xo)  [A/(W  cm**  JT1)],  aa  follows : 

S^Xo)  -  I,  Hc(Xo>  , 

where  Ic  Is  the  current  produced  by  the  calibration 
pulse, 

2.  Relative  sensitivities,  SV(X0),  defined 
above,  were  determined  for  all  the  operating  volt¬ 
ages,  V,  by  using  a  xenon- flash  continuum  source. 

They  were  related  to  the  one  absolute-respOMe 
measurement  made  using  the  shuttered- tungsten  source, 
giving  e  series  of  absolute  pulse  sensitivities  for 
the  multiplier  voltages  used. 

3.  A  fatigue  effect  was  found  in  several  of 
the  photometers  at  high  background-light  levels  that 
depressed  the  sensitivities  below  their  zero-beck- 
ground  values.  Ibe  factors  by  which  the  sensitivi¬ 
ties  vers  depressed  were  measured  as  a  function  of 
dc  photons  ter  output  using  tbs  apparatus  shown  in 
Fig.  3.  A  uniform  background  over  the  30°  field  of 
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I  Fig.  1*.  Topical  continuously  recorded  collimated- phot  one  ter  incident  irradiances  fraa  storm  kk, 

flash  182  (9/7/65,  2212  MDT),  a  ground  flash  at  27.4-km  distance,  with  two  separate 
r  vertical  channels.  This  reproduction  represents  a  4 00- msec  segnent  of  the  flash,  which 

lasted  about  1  sec.  Two  simultaneous  10-msec  sweeps  run  from  top  to  bottom  of  the  pho¬ 
tograph,  then  repeat  displaced  to  the  right.  The  callouts  are  as  follows: 

(a)  A  typical  stepped- leader  signature. 

!(b)  The  first  return  stroke,  also  the  trigger  pulse,  which  occurred  9  msec  after  the 

optical  onset  of  the  stepped  leader. 

(c)  Subsequent  return  strokes.  Seme  are  preceded  within  1  to  2  msec  by  dart-leader 
signatures.  The  one  marked  (c) '  may  be  a  "first"  return  stroke  associated  with 
the  second  of  the  two  observed  vertical  channels. 

(d)  Intracloud- process  pulses,  associated  with  streamers  to  new  charge  concentrations 
within  the  cloud. 

i  (e)  A  complicated  light  pulse,  probably  produced  by  a  relatively  short-lived  conti  . ling 

current. 

(f)  This  record  is  followed  after  ~  150  msec  by  more  pulse  activity. 


Fig.  5.  Calibration  apparatus  for  measurement  of  fatigue  effects.  The  IOCO-W  lamps  and  diffusers 
produce  a  uniform  background  illanination.  The  cylindrical-lens  image  of  the  flash  lamp 
simulates  a  lightning  Btroke  in  the  center  of  the  field  of  view. 
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view  ns  produced  by  brightly  illimlnated  diffuse 
scatterers.  A  lightning  flash  vas  simulated  In  the 
center  of  the  field  of  viev  by  a  cylindrical. lens 
Image  of  the  flash. lamp  pulse.  Curves  of  relative 
sensitivity  as  a  function  of  background  current 
were  obtained  for  all  fatigue  situations,  anl  a  set 
of  such  curves  is  shown  in  Fig.  6.  There  was  no 
nonlinearity  of  output  for  aty  of  the  detectors  at 
any  of  the  voltages  or  background  It  .els  within  the 
range  of  currents  used. 


BACKGROUND  CURRENT,  l(57A 


Fig.  6.  Changes  In  sensitivity  a t  656 3-Jt  collima¬ 
ted  photometer  produced  by  background 
lllumlnatlo  . 

TV  lightning. produced  irradlances,  H(Xo) , 
quoted  in  the  data  reduction  were  calculated  by 

H(Xo)  ■  I  Sy(Xo)  1 

where  I  is  the  pulse  current  measured  during  the 
experiment  for  the  photometer  channel  centered  on 
Xo.  It  can  be  shown7  that,  to  a  good  approximation, 
E(Xo)  is  the  spectral  lrradiance,  H(X),  produced  at 


the  detector  by  lightning,  averaged  over  the  inter¬ 
ference-filter  spectral- passband  transmission  curve, 
T(X,Xo)  J  m 

J  H(X)  T(X,X0)  dX 

H(X0)  - 5 - -  • 

Jo  T(X,X0)  ax 

III.  DATA  REDUCTION 

The  continuous  recordings  of  the  collixated- 
photemetar  signals  were  reduced  using  photometer  and 
electrical-ayatem  calibrations  to  give  incident  peak 
spectral  irrediancea  (W  cm"*  X”1)  for  each  channel. 
Peak  signals  were  measured  for  each  of  the  pulses 
recorded  during  lightning  flashes  selected  on  the 
basis  of  knowledge  of  distance  to  the  channel  and 
the  availability  of  comparison  data  from  other  sen¬ 
sors.  The  results  were  (a)  spectral  irrad'ence  at 
each  photometer  entrance  pupil  for  each  pulse,  and 
(b)  ratios  of  these  values  to  the  spectral  lrradi¬ 
ance  in  the  3914-A  channel.  Each  pulse  was  identi¬ 
fied  by  a  number  representing  the  time  (msec)  at 
which  the  pulsa  occurred  after  the  coordirated- 
trigger  pulse  for  that  flash.  Incident  spectral 
lrradlancea,  calculated  from  the  signals  shown  in 
Fig.  4,  are  given  in  Table  II. 


TBble  II.  Incident  Beak  Spectral  Irradlances  for 
Pulses  Shown  in  Fig.  4 


Time, 

msec 

Figure  4 
Reference 

Spectral 

lrradiance 

W  CB  -  i  1 

Spectral 

lrradiance 

-009 

(a) 

2.0  X  10‘“ 

7.8  x  10'“ 

000 

(D) 

1.1  x  10'JO 

5.7  x  lO’10 

040 

(c) 

1.3  X  10' 10 

4.8  x  lO'10 

060 

- 

1.1  X  10'“ 

4.9  x  10'“ 

077 

(41 

2.1  X  10'“ 

1.3  x  10" X1 

095 

(c) 

1.6  x  10' 11 

1.1  x  10' 10 

096 

(c) 

6.4  x  10'“ 

4.3  x  10'“ 

125 

(c) 

2.5  x  10' 11 

1.4  x  u'10 

126 

(c) 

1.2  X  10' 11 

8.6  x  10' 11 

l4l 

(4) 

4.0  x  10"“ 

1.9  x  10" 11 

168 

(c)' 

9.7  X  10" 11 

6.?  x  lO'10 

Results  from  the  collimated  photometers  for 
about  1200  pulses  from  lightning  flashes  which  oc¬ 
curred  during  four  store*  have  been  reduced.  Fifty- 


eight  of  the  flashes  had  bright  channels  to  which 
the  distances  were  determine^,  either  by  the  photo¬ 
graphic  triangulfltion  system  or,  In  fev  cases,  by 
noting  the  time  between  flash  and  thunder*  A  few 
of  the  flashes  were  intracloud  or  ground  flashes  to 
which  distance  was  not  measured.  They  were  used  to 
Increase  the  sample  of  data  in  several  areas,  as  is 
discusse  In  detail  In  Section  IV.  For  the  flashes 
of  known  distance,  In  which  all  dlscernable  pulsea 
were  reduced,  the  average  number  of  pulsea  was  1$; 
a  few  flashes  consisted  of  one  pulse;  and  for  one, 
a  total  of  07  pulses  were  reduced. 

To  determine  lightning  source  characteristics, 
corrections  for  modifications  of  the  signals  pro¬ 
duced  by  distance  and  by  the  Intervening  atmosphere 
must  be  merle.  The  distance  dependence  of  the  opti¬ 
cal  signals  can  be  predicted  to  a  first  approxi¬ 
mation  by  the  Inverse-square  law;  the  ir radiance, 
H(x)  (V?  cm*2),  measured  at  distance  x  ‘km)  f rcm  the 
source,  is  related  to  the  source  intensity 
1  (W  sr"1),  neglecting  atmospheric  effects,  by 
1  n  lO10  Xs  Il(x) .  The  factor  of  lO10  Is  required 
to  compensate  for  different  units  of  length  in  x 
and  H(x) .  The  intensity  I  Is  a  source  character¬ 
istic  that  Is  independent  of  a ource-to- detector 
distance  when  corrections  for  atmospheric  effects 
are  made. 

Signal  modifications  are  produced  in  the  at¬ 
mosphere  by  scattering  from  constituents  that  give 
dispersive  ( lve.,  wavelength-dependent)  or  nond ta¬ 
pe  reive  e. Tecta.  Dispersive  scattering  la  produced 
by  molecules  (Rayleigh  scattering)  and  aerosols 
(Mle  ace  oter'  ng) ,  which  for  a  given  detector  loca¬ 
tion  are  approximately  uniformly  distributed  and 
cannot  change  their  distributions  rapidly.  Nondis- 
pe reive  scattering  Is  caused  bv  atmospheric  con¬ 
stituents  with  large  particles,  viz,,  rain  anl  fog, 
which  by  their  nature  are  highly  variable  In  dis¬ 
tribution  as  a  function  of  space  and  time. 

The  effect  on  a  beam  of  light  of  wavelength 
k  (a)  props  gating  along  a  path,  s,  in  a  scattering 
medium  with  an  extinction  coefficient,  |i(s,A,t) 
(km*1),  that  nay  depend  or.  coordinates,  wavelength, 
and  time,  can  be  written  as 

Fk(b)  -  F^X)  exp  J^-f  m( s,X,t)  dsj  , 


where;  F0(X)  is  the  flux  (W)  at  wavelength  k  which 
leaves  the  aource  In  the  direction  of  the  detector’B 
entrance  pupil;  the  integral  Is  a  line  integral  over 
path  s  (km);  and  F^(s)  i*  the  flux  that  reaches  the 
end  of  the  path.  For  the  dispersive  component  of 
the  atmosphere  the  extinction  coefficient,  nd(X), 

Is  not  a  funct&n  of  apace  or  time,  to  a  good  ap¬ 
proximation.  The  flux  at  distance  x  can  then  be 
written  F.  (x)  ■  F  (X)  exp  [.p(X)x].  The  nondia- 
peraiv*  component  of  the  ".ttr.cophere,  however,  will 
have  an  extinction  coefficient,  n^-fsjt),  which, 
while  It  does  not  depend  on  wavelength,  will  depend 
on  spatial  coordinates  and  time.  Without  precise 
knowledge  of  this  dependence,  the  line  Integral 
given  above  cannot  be  evaluated. 

This  derivation  assunes  that  the  scattering 
Is  single,  end  that  It  la  purely  a  loss  mechanism, 
so  that  no  light  is  scattered  Into  the  detector's 
entrance  pupil.  It  applies,  therefore,  to  e  narrow- 
field  detector  pointed  directly  toward  the  source. 

It  is  also  an  adequate  first-order  approximation  to 
the  case  of  the  collimated  detectors,  which  had  a 
50°  field  of  view;  modifications  which  are  produced 
by  light  scattered  into  the  field  of  view  will  be 
discussed  in  a  later  volune. 

Effects  of  the  two  types  of  scattering  on  the 
colllmated-detectar  lightning  data  were  determined 
on  the  basis  of  the  single-scattering,  narrow-field- 
detector  model  by  separate,  empirical  techniques, 
as  follows, 

A.  Dispersive  Scattering 

The  average  extinction  coefficients,  nfi(X), 
produced  by  the  dispersive  components  of  the  atmoe- 
pheri  were  Obtained  In  two  steps.  It  waa  found 
that  one  aet  cf  extinction  coefficients  gave  a  good 
fit  to  all  the  data,  and  that  therefore  the  asaunp- 
tion  cf  a  homogeneous,  time-independent,  dispersive 
atmospheric  component  was  Justified. 

First,  the  difference  between  Md(X)  at  X  * 

391^  A  and  X  ■  6565  A  was  obtained  empirically  by 
a  derivation  of  the  value  that  gave  the  best  fit  to 
all  the  data.  Values  of  the  ratio  of  the  Incident 
spectral  lrradiances  at  6563  and  391k  J  vb  source- 
to-detector  distances,  x,  were  plotted  on  a  semilog 
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fit.  7. 


DISTANCE  ,  km 

^3-i/391^A  spectral-  irrad  lance  ratio.  Ssch  polat  1.  th. 

^TXO  -  2.1  SK.Si  ? 

difference  o»  extinction  coefficient*  &r  0,0}!  Wl  stxuros  end  • 


scale,  as  shown  In  Fig.  7.  Die  jlops  of  the  best 
straight- line  fit  to  the  point  then  gives  41  <■ 
Hd(391&  I)  -  ^(6563  A)  ■  0.03;.  km"1}  the  Intercept 
st  x  -  0  is  the  average  value  of  the  spectral- irra- 
d lance  i*tlo  which  would  be  aeas-joed  st  the  source 
(given  In  Section  IV). 

U*  second  stop  in  the  determination  of  the 
Hd(A)  fits  the  difference  given  by  the  first  step 
to  tabulated  values  of  typical  extinction  coeffi¬ 
cient*  of  atmospheric  constituents.  Combined  sver- 
•3®  ’•Inea  of  atmospheric  molecular  and  aerosol 
extinction  coefficients  are  given  In  the  "Hi alb 00k 
at  Geophysics  and  Space  Envlroonenta , "*  as  a  func¬ 
tion  of  wavelength  and  altituie.  An  altltule  of 
k  kb  produces  the  difference  betv  ;n  extinction 
Cr'  "ftcienU  at  >91**  and  6563  A  -nlch  heat  agrees 
with  the  empirical  difference  given  above.  Extinc¬ 
tion  coefficients  na(X)  corresponding  to  the  tabu* 
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lated  data  for  that  sltitule  are  plotted  vs  wave¬ 
length  In  Fig.  8.  Shown  for  comparison  Is  the  con* 
ponent  produced  hy  Rayleigh  scattering  alone. 

B.  Nondlaperslve  Scattering 

As  mentioned  previously,  the  atnoaphsrlc  con* 
stituenta  that  cause  nondlaperslve  scattering  are 
rain  and  fog,  with  much  sore  variable  effecta  than 
the  dispersive  constituents  discussed  above.  Hence, 
the  asBunptlon  of  a  uniform,  tine* Independent,  ex* 
tlnctlon  coefficient,  |1^,  which  Is  applicable  to 
all  storoa  is  not  Justified.  Corrections  could  be 
made  for  the  effects  cf  rain  if  measurements  of  the 
rainfall  rate  had  been  made  all  aloag  each  lightning* 
to* detector  jeth,  a  clearly  Impractical  approach  due 
to  the  unpredictable  location  of  ughtni.eg  channels. 


Methods  exist,  but  wore  not  used,  for  probing  the 
etmosphero  from  one  locetlon  with  opticel  radar  to 
measure  scattering  and  extinction  coefficients  on 
linear  paths  through  that  location. ^  3h  lieu  of 
data  giving  uimribiguoua  values  of  atmospheric  trans¬ 
mission,  an  empirical  method  has  been  used  to  mini¬ 
mise  the  depenience  of  the  reduced  data  on  nondis- 
perslue  atmospheric  constituents. 

Since  the  nondlaperslve  scatterers  affect  all 
spectral  channels  equally,  only  absolute  olgnal  mag¬ 
nitudes  can  be  an  effective  probe  of  the  extinction 
coefficient.  Figure  9  is  a  plot  of  the  abaolute 
epectral  intensity  at  391&  A,  corrected  far  Inveree- 
sqimre  lew  and  for  dispersive  scattering,  vs  dis¬ 
tance  to  the  source.  Each  point  la  the  average  In¬ 
tensity  of  all  pulses  f  one  flash,  where  the 


Fig.  9.  Distance  dependence  of  3914-i  epectral  Intensity.  Each  point  la  the  average  (see  text)  of  all 

peak  spectrcl  Intensities  for  a  single  flash.  Tbs  uncorrected  effect  of  nondlaperslve  scattering 
Is  obvious. 
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SPECTRAL  INTENSITY  ,  W  sr’ 


DISTANCE,  km 


Tig.  10.  Distance  depeitfenee  of  59l4-i  spectral  intensity.  Beta  are  the  aaae  aa  In  Pig.  9,  but  corrected 
for  noulia^eralva  scattering  by  wee  of  the  aodsl  discussed  In  the  text.  Improve  moot  In 

consistency  Is  clear. 


average  vas  determined  from  the  mean  of  the  logs, 
rltbea  of  the  Intensities.  It  Is  clear  that  points 
within  each  stone  tend  to  scatter  by  a  factor  of 
about  10,  while  comparison  among  the  storms  show 
differences  of  more  than  a  factor  of  100.  Since 
there  le  no  reason  to  aaawe  that  thssa  storms  all 
had  quantitatively  different  lightning.  It  Is  as¬ 
sisted  that  the  differences  are  produced  mainly  by 
atmospheric  affects  not  yet  Included  In  the  reduc¬ 
tions. 

A  type  of  correction,  suggested  by  Pig.  9, 
that  serves  to  bring  the  data  Into  better  agree¬ 
ment,  predicates  tbat  the  atmospheric- transmission 
correction  la  the  same  for  aU  flashes  In  any  given 
atom.  An  "extinction  factor,"  by  which  ill  Inten¬ 
sities  must  ba  multiplied,  Is  derived  for  each 
storm  by  requiring  ttet  the  average  intensities  for 
all  etarms  be  equal.  The  following  extinction  fac¬ 
tors  were  obtained  from  t ha  date  plotted  In  Pig.  9: 
storm  }4,  27j  etcrm  58#  1.0  (this  storm  is  used  as 
a  standard);  storm  40,  l6j  and  storm  44,  90.  The 


date  corrected  by  theae  factors  are  plotted  in 
Tie.  10,  which  shows  the  Improvement  In  data  con¬ 
sistency. 

This  correction  accounts  only  for  stmospir-lc 
extinction  between  storm  and  detector  and  cannot 
accouzt  for  the  variations  of  atmospheric  trans¬ 
mission  within  the  storm  that  produce  part  of  tbs 
remaining  point  scatter  In  Pig.  10.  Furthermore, 
the  date  available  do  not  admit  of  a  more  refln-d 
treatment,  since  no  measurements  of  extinction 
coefficients  or  of  date  pertaining  to  them  ware 
made.  The  absolute -Intensity  distribution  function, 
to  be  derived  fra  tbs  date  corrected  far  nond le¬ 
pers  ive  scattering  on  the  basis  of  the  ons-perameter- 
per- storm  model,  therefore  represents  actual  light¬ 
ning  pulse -height  variations,  without  correction 
far  ram  and  fog  within  a  storm.  The  felse-slsrm 
analysis  (Voline  VI  of  this  series)  will  not  re¬ 
quire  that  these  effects  ba  separated. 

To  sumarlM,  the  date  era  reduoed  to  source 
characteristic#  by  corrections  for  (a)  iuverse- 
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square  law,  to  give  intensities  radiated  by  the 
source}  (b)  dispersive  scattering,  determined  empir¬ 
ically  from  the  incident  relative- irradiance  data; 
•nd  (c)  nondispernive  scattering,  determined  empir- 
icelly  from  the  absolute- intensity  data, 

IV.  RESULTS 

Hie  optical  data  have  been  used  to  derive 
source  characteristics  and  their  variations.  The 
3914-A  spectral,  intensity  distribution  function  is 
given,  end  other  results  are  presented  only  as  spec¬ 
tral  intensity  relative  to  3914  k,  for  the  following 
reason.  The  absolute- intensity  distribution  func 
tion  at  3914  k  spans  several  powers  of  10  in  inten¬ 
sity,  es  do  those  at  other  wavelengths,  owing  to  the 
maty  types  of  lightning  phenomena  represented. 

Hwre  is  much  less  pulae-to- pulse  variation  of  the 
other  intensities  relative  to  that  at  3914  kt  there¬ 
fore,  variations  among  absolute-intensity  distrib¬ 
ution  functions  would  cover  but  a  small  fraction  of 
the  renge  of  intensity  values  of  the  39I4-A  dis¬ 
tribution  function,  if  required,  the  ebsolute-in 
tensity  distribution  function  for  ary  of  the  spec¬ 
tral  channels  can  be  derived  fr'm  the  3914-1  aoso- 
lute- intensity  distribution  function  era  the  corre¬ 
sponding  relative-intensity  distribution  function. 
Furtherrare,  the  false- alarm- rate  analysis  to  be 
presented  in  Volvsse  IV  of  this  series  requires  the 
functions  given  here. 

A.  Spectral  Intensity  at  3914  1 

Figure  11  is  a  plot  at  tie  distribution  func¬ 
tion  of  source  spectrel  Intensities  et  3914  i.  As 
discussed  in  the  previous  section,  this  distribution 
represents  that  of  ell  pulses  produced  by  a  light¬ 
ning  storm,  without  correction  for  rain  or  fog  with¬ 
in  the  storm.  Effects  of  extinction  by  the  etmos- 
phere  outside  the  storm  have  been  removed. 

Ifce  most  probable  spectral  intensity  at  3914  k 
is  ~  104  W  sr"1  A'1,  Because  optical  pulses  from 
all  types  of  lightning  phenomena,  viz,  leaders,  re¬ 
turn  strokes,  and  intracloud  processes,  were  used  in 
the  derivation  of  the  distribution,  there  is  e  large 
spread  of  the  spect.’-il  intensities,  more  than  a  fac¬ 
tor  of  10  at  the  holf-maximm  points. 


Fig.  11.  Distribution  function,  dF/d(logI),  for 
3914-A  spectral  intensities,  I.  Log¬ 
arithms  are  to  base  10.  Fraction  of 
pulses  with  intensities  between  Xx 

log  Is  dF 

and  Is  is  AF  -  J  -  d(logl). 

log  d(log  I) 

B^_5pectral  Intensities  Relative  to  5914  k 

Average  values  of  spectral  intensities  meas¬ 
ured  et  4140,  6563,  8220,  end  6900  k,  relative  to 
3914  A,  ere  given  in  Table  III.  The  numbers  of 
pulses  which  the  averages  represent  are  different 
because  not  all  detectors  were  in  operation  at  any 
one  time.  Hie  averages  given  for  "all  pulses"  rep¬ 
resent  the  average  pulse  a  lightning  flash  produces. 
Pulses  which  can  be  attributed  to  first  return 
strokes  on  the  basis  of  the  continuous  recordings 
have  been  isolated  in  a  manner  similar  to  the  data 
reduction  nf  the  slitless  spectra,1  and  average  rel¬ 
ative  spectral  intensities  are  reported  separately 
in  the  table. 

We  found  that  there  were  too  few  data  with 
accurately  measured  distances  in  four  of  the  entries 
listed  in  Ihble  III  (see  notes  c  and  i) .  Three  of 
these  entries  are  for  first  return  strokes,  which 
represent  only  5$  of  ell  pulses  reduced,  and  the 
fourth  is  et  8900  k  where  the  detector  sensitivity 
was  poor ,  He  approximately  doubled  the  sample  in 
these  entries  by  incorporating  data  for  which  dis¬ 
tances  had  not  been  measured,  using  techniques  that 
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Table  III,  Relative  Spectral  Intensities  Produced  by  Lightning 


Wavelength 


Spectral  Feature 

4,140  X 

X 

9220  X 

8900  X 

Lightning® 

+  cb 

C,NI  (6)b 

cb,Ka 

NI(2) 

c 

Air  fluorescence 

4  (0,0) 

Jfe2P(3,7) 

JfelP(7,4) 

NI(2) 

IfelP(l,0) 

All  pulses 

1 

1.2  t  0.5 

2.1  ±  0.6 

4.8  i  2.8 

0.8  ±  0.4 

Samples /storms 

- 

409/2 

842/4 

482/3 

89/1° 

First  return  strokes 

1 

1.0  *  0.2 

1.2  ±  0.3 

1.3  *  0.6 

0.5  *  0.2 

Sampler, /storms 

- 

12/24 

26/4 

30/3c 

21/lc 

Notes :  a.  C  »  continuum. 

b.  Slitless  spectra  show  continuum  to  be  present  throughout  the  visible  apectnsn,  pro¬ 
ducing  the  main  contribution  to  signals  at  3914  and  4l40  i. 1 

c.  To  increase  data  sample,  sane  date  have  been  used  for  which  distanced  were  estimated. 
See  text. 


d.  To  Increase  data  sample, seme  data  fran  a  Dear  storm  have  been  used  without  correction 
for  distance.  Estimated  error  In  4l4Q-i/39l4-l  ratio  In  small.  See  text. 


minimized  ary  errors  so  Introduced.  First,  at 
4140  X,  first- re  turn-stroke  data  from  a  storm  that 
was  localized  near  (l.e.,  <  20  tan  fran)  the  detectors 
were  added  without  benefit  of  atmospheric- transmis¬ 
sion  correction.  The  average  error  introduced  in 
the  4l40-A./39l4-A  spectral- intensity  ratio  la  <  10*, 
owing  to  the  small  separation  In  wavelength.  Second, 
for  the  Infrared  channels,  data  were  token  .’ran 
flashes  with  maty  pulses,  for  which  distances  were 
estimated  empirically,  e,  follows.  The  average  in¬ 
cident  spectral-irradiance  ratio,  6563  1/3914  1,  far 
all  pulses  In  the  flash  was  used  as  an  ordinate  in 
Fig,  7,  and  the  straight  line  vas  used  to  determine 
the  corresponding  distance  on  the  abscissa.  For  a 
flash  with  10  pulses,  the  probability  Is  50*  that 
the  distance  so  estimated  is  within  *  4  km.  The 
average  error  in  the  relative  Infrared- intensity 
values  derived  using  these  eotlmated  distances  Is 
±  20*. 

Several  conclusions  can  be  obtained  or  substan¬ 
tiated  on  the  basis  of  the  data  In  Table  in, 

(1)  The  large  values  of  relative  spectral  In¬ 
tensity  at  6563  and  £220  A  are  produced  by  sfcroi^ 
excitation,  in  the  average  lightning  pulse,  of  the 
species  H.  and  NI,  respectively.  This  behavior  was 
also  observed  In  the  visible  In  the  slltlass  spec¬ 
tra,1 

(2)  The  small  value  of  the  relative  890 3-1 
spectral  Intensity  shows  the  absence  of  a  strongly- 


excited  atomic-line  or  molecular-band  feature  and 
only  a  weak  continuum  In  the  Infrared, 

(3)  The  first-return- stroke  data  show  a  de¬ 
crease  of  all  rod  and  Infrared  channels  for  first 
return  strokes  when  crape  red  with  other  pulses.  We 
interpret  the  decreases  as  manifestations  £  two 
effects  Observed  in  the  slitless  spectra  jf  first 
return  strokes  t1  the  decrease  of  HI  and  NI  fea¬ 
tures  relative  to  the  continuan,  and  the  Increase  of 
the  blue  continuum  relative  to  the  red.  The  4l40-A/ 
39l4-i  spectral- Intensity  ratio  is  expe.oed  to  be 
relatively  unchanged  when  first  return  strokes  are 
compared  to  other  pulses,  because  both  channels  see 
primarily  continuum  and  there  is  little  separation 
In  wavelength  between  them.  The  4l40-l  data  clearly 
attributable  to  first  return  strokes  ore  insuffi¬ 
cient  to  substantiate  or  invalidate  this  conclusion. 

Histograms  of  the  spectral  intensities  at 

4l4o,  6563,  9220,  and  89OO  l,  relative  to  3914  A, 
are  given  in  FigB.  12  through  15,  respectively. 

Since  these  histograms  are  to  represent  the  overall 
behavior  of  the  various  spectral  regions  in  light¬ 
ning,  tne  data  fran  which  they  are  derived  repre¬ 
sent  all  types  of  lightning  phenomena,  l.e.  all 
pulses. 

For  the  histograms  of  the  4l40-  and  6563- l 
nlitlm  Intensities  the  most  probable  ratio  agrees 
well  with  the  average  ratio.  m^ls  signifies  that 
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SPECTRAL  INTENSITY  RATIO 


Pig.  12.  Histogram  of  spectral- interv¬ 

al  ty  ratio.  No  pulse  ha-  ratio  £  0.1. 


SPECTRAL  INTENSITY  RATIO 

Fig.  13.  Histogram  of  656%  1/391^-^  a pectrai- Inten¬ 
sity  ratio.  No  pulse  has  ratio  £  0.1. 

the  histograms  are  approximately  symmetric  about  the 
moat  probable  ratio.  This  symmetry  does  not  exist 
in  the  case  of  the  C220-I  relative- intensity  histo¬ 
gram.  which  Is  more  heavily  weighted  by  large  values 


SPECTRAL  INTENSITY  RATIO 

Fig.  lb.  Histogram  of  0220- X. /39l4- X.  spectral- Inten¬ 
sity  ratio.  Most  probable  ratio,  -  3, 
differs  frcn  average  ratio,  b.8,  owing  to 
relatively  large  mxnbers  of  ratios  >  8. 

See  text. 


SPECTRAL  INTENSITY  RATIO 

Fig.  15.  Histogram  of  S900-A/391b-A  spectral- inten¬ 
sity  ratio. 
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FRACTION  OF  PULSES  IN  RATIO  INTERVAL  0.5 


oT  the  intensity  ratio.  The  asymmetry  may  be  real 
IT  the  large  values  are  produced  by  enhanced  excit¬ 
ation  of  the  NI(23  feature  at  0220  21  relative  to 
3914  X.  We  expect  large  variations  of  signals  in 
the  6220- X  channel  because  of  the  different  excit¬ 
ation  mechanisms  of  the  Nl(2)  atonic  line  for  the 
many  types  of  pulses  and  the  lack  of  a  strong  con- 
tlmum.  However,  the  asymnetry  may  be  the  result 
of  an  experimental  problem  caused  by  the  lack  of 
sensitivity  of  the  infrared  detectors. 


Because  it  may  be  of  Interest  in  future  studies 
of  discrimination  against  lightning  involving  detec¬ 
tion  systems  that  are  sensitive  wholly  within  the 
infrared,  we  have  compared  the  6220-  and  8900-X  data 
with  each  other.  No  correction  for  distance  depend¬ 
ence  of  the  8220-X/8900-X  ratio  was  made  because  of 
the  small  predicted  difference  in  extinction  coeffi¬ 
cients  and  the  relative  uncertainty  as  to  how  well 
the  atmospheric  extinction  model  can  be  extended 
into  the  Infrared.  For  89  pulses  Tram  one  storm, 
including  all  phenanens,  the  average  8220-1/8900-1 
spectral- intercity  ratio  waa  4.6  ±  2.6j  for  21  first 
return  strokes  it  was  3.1  1  0.9.  The  difference  re¬ 
flects  the  lower  excitation  of  the  NI(2)  (6220-1) 
feature  in  first  return  strokes  relative  to  the  av- 
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spectral  intensity  ratio 


Fig.  16.  Histogram  of  0220-1/8900-1  spectral- inten¬ 
sity  ratio.  Data  not  corrected  far  atmos¬ 
pheric  extinction.  See  text. 


erage  pulse.  A  histogram  at  the  all-pulse  values 
is  shown  in  Fig.  16.  Ae  in  the  case  of  the  0220-1/ 
3914-1  ratio,  the  spread  of  values  is  large,  for  the 
same  reasons. 

ftm  distribution  functions  for  the  spectrel- 
lntensiMss  at  4140,  6563,  0220,  and  0900  1,  rela¬ 
tive  to  ;9l4  1,  given  in  the  histograms  of  Figs.  12 
through  15,  are  shown  in  another  form  in  Fig.  17. 

A  similar  diati  ’hv.tlon  function  for  the  0220-1/8900-1 
data  la  given  in  i’ig.  16.  The  probability  that  the 


Fig.  17.  Distribution  functions  of  spectral  inten¬ 
sities  at  4140,  6563,  3220,  and  8900  1, 
relative  to  3914  1. 


Fig.  lO,  Distribution  function  of  spectral- inten¬ 
sity  ratio  0220  X/89OO  1. 
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intensity  ratio  produced  by  a  given  pulse  is  smaller 
than  some  input  valiy?  is  the  form  of  distribution 
function  required  by  the  falsa-alarm  analysis  (Vol¬ 
ume  IV,  to  be  issued) , 
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